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SUMMARY 

The problem of investigating air-cooled turbine performance 
is being analyzed. Suggested methods of investigating and analyzing 
data of such turbines so that performance characteristics can be 
obtained are being developed. Such an evaluation of a turbine 
requires knowledge of the flow characteristics of the cooling air 
in the blade cooling-air passages as the air proceeds from the 
roots to the tips of the blades. In the investigation of a tur- 
bine, certain data must therefore be obtained and formulas devel- 
oped to obtain these flow characteristics . 

The methods that are expected to permit the determination of 
pressure, temperature, and velocity through the blade cooling-air 
passages from specific investigations that must be conducted are 
presented. Formulas are suggested relating these characteristics 
to certain parameters. The formulas must be verified and the coef- 
ficients appearing therein evaluated by investigations of cooled 
turbines. Discussions of work that leads to the recommended for- 
mulas are given in some cases. 


INTRODUCTION 

Because very little material Is available on the methods of 
investigating air-cooled turbines and analyzing the data obtained 
to determine their performance characteristics, a study of such 
methods is being made at the NACA Lewis laboratory. The current 
formulas for the heat-transfer aspects of the air-cooled turbine, 
which must be evaluated through investigation of the turbine, are 
presented in reference 1. 
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The evaluation of the cooling and performance characteristics 
of a turbine (and of an engine in which the turbine may be used) 
■with blades through which cooling air is circulated requires knowl- 
edge of the characteristics of the cooling air; that is, pressure, 
temperature, and velocity as the air proceeds from the roots to the 
tips of the blades. These characteristics are required in the 
determination of such factors as the heat flow, blade tempera 1 tures, 
blade- to- cooling-air heat -transfer coefficients, and effective 
cooling-air temperatures. These factors are discussed in refer- 
ence 1. In addition, the cooling-air characteristics are required 
to evaluate the work of pumping the air through the blades and the 
work required in the compressor to compress the air to the pressure 
required at the blade roots. The turbine -pumping work is usually 
insufficient to raise the air pressure from atmospheric to that 
required at the blade tip to permit the air to flow out of the blade 
and mix with the combustion gas stream. The air must consequently 
be raised above atmospheric pressure at the blade root by some 
means external to the turbine, for example, by the compressor. If 
the required pressure is known, it is possible to deteimine the 
bleedoff point on the compressor. In the investigation of a tur- 
bine, certain data must be obtained and formulas developed so that 
evaluations of the type discussed can be made for various flight' 
conditions. 

Formulas for determining the cooling-air-flow characteristics 
in the turbine-blade cooling-air passages are suggested herein. 

The formulas must be verified and the coefficients appearing therein 
evaluated by investigation of cooled turbines. Discussions of work 
that leads to the suggested formulas are given in some cases, so 
that readers unfamiliar with the subject may obtain some background 
knowledge . 


ANALYSIS OF FORMULAS FOE COOLING- AIE-FLOW CHARACTERISTICS 
Mach Number in Blade Cooling-Air Passage 

An analysis of the cooling-air flow through turbine blades based 
on one-dimensional flow has been developed (reference 2) . The work 
in general is based on the analysis of Shapiro and Hawthorne (refer- 
ence 3); the main additions of reference 2 to this work is the 
evaluation of the generalized body force in the equations of refer- 
ence 3 for the case of a rotating body and. the method of numer- 
ically solving the equations. From this analysis, the variation of 
Mach number of the air through the turbine-blade passage was deter- 
mined as 
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(All symbols used herein are defined In appendix A. ) The terms Irp, 
If, and 1^ are Influence coefficients equal to 
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( 4 ) 


For a constant -area passage Aa. spanwi.se, the last term of equa- 
tion (1) drops out. 

In order to solve equation (1), the friction factor must be 
known so that fQ can be determined for any given conditions. 
Current theory is inadequate for determining fg for the condi- 
tions of flow as they exist in the rotating-blade coolant passages; 
therefore the equation for the friction factor must be established 
from investigations of turbines. The steps involved are: 

(1) Obtain measurements' of pressures and temperatures in the 
turbine-blade cooling-air passages; (2) use these data and equa- 
tion (1) to calculate an average fg for the flow conditions 

imposed; and (3) determine the empirical equation that applies to 
these experimental values. The details are discussed in the fol- 
lowing section. 
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Method of Obtaining Friction Factor 

In a typical turbine, pressures and temperatures of the cool- 
ing air in the blade cooling-air passage are difficult to measure. 
If these pressures and temperature were measured along the blade 
span, some of the numerical integration procedure for solving 
equation (1), vhich is subsequently discussed, would be eliminated; 
but it is assumed that, except for special turbine rigs, the max- 
imum instrumentation in the blade passages is limited to thermo- 
couples and pressure tubes at the blade roots and tips. 

It is therefore assumed that data are obtained from measure- 
ments at these positions suchT that the static' ahd total” pressure s 
and the static and total temperatures at these positions are 
available for a range of cooling-air flows, a range of cooling-air 
temperatures and pressures, and as wide s range as possible of the 
ratio of average blade-wall temperature to average cooling-air 
static temperature. From these pressures and temperatures, the 
velocities and the Mach numbers at the blade root and tip are 
calculated. 


When the cooling-air conditions at the blade tip for a given 
flow and so forth are known, equation (1) must be integrated step- 
wise (using about five steps) from tip to root. A convenient 
method of numerical Integration is given in reference 4, When the 
cooling-air Mach number and static temperature at the tip are 
known, influence coefficients can be calculated from equations (2) 
to (4) or obtained from tables in reference 2. If five steps of 
the Integration process are used, y will then equal the values 0, 
0.2, 0.4, 0.6, 0.8, and 1.0. For the first step from y » 0 to 
y *= 0.2, the area change dAg/dy of the air passage can be deter- 
mined from the geometry. In equation (1) for the first step, 
y « 0 and the values of T" a and A& are those at the tip. The 
teim dT'a/dy is determined from the equation (reference 2) 


where 


dT". 


.2 2 
b to 


A 2 
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( 6 ) 


and where 
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\ E 0 l 0 /R±l± (Hi becomes Hf if fins are used in blade passage. 

See reference 1 for relation between Hi and Hf.) 

Z Q average outside perimeter of blade, (ft) 

Zi average inside perimeter of blade, (ft) 

H c average coefficient for oonveotion beat transfer from com- 

bustion gas to blades, (Btu/(sq ft) (^J (sec)) 

Hi average coefficient for convection beat transfer from blades 
to cooling air based on blade-wall area and blade temper- 
atures, (Btu/ (sq ft) (?F) (sec) ) 

In tbe determination of dT" a /dy from equation (5) for tbe 
first step, y = 0 and T" a is tbe value at tbe tip. Tbe inves- 
tigation to get tbe beat-transfer data can be made at tbe same time 
as tbe cooling-air-flow experiments so that Hq, Hi, or %, and 
Tg^ e , values that are calculated as shown by methods in refer- 
ence 1, can be used in tbe foregoing equations. 

All of tbe terms for solving equation (l) for dM^/dy for 
tbe first step from y = 0 to y = 0.2 are now known except tbe 
friction factor fQ, which is tbe texra being sought. As subse- 
quently discussed in greater detail, the friction factor is 
expected to vary along tbe passage from tip to root; however, tbe 
formulas for tbe variation cannot be obtained in turbine experi- 
ments. With tbe type of instrumentation possible in turbines, 
only an average value for the passage and a formula for expressing 
this average value can be obtained. A value for tbe average 
friction factor for tbe entire passage from tip to root is conse- 
quently assumed and inserted in equation (1), which is then solved 
for dM a 2 /dy for tbe first step. 

Tbe nex$ step is to obtain the Mach number at y = 0.8 from 

W 2 - («a 2 )r=0 ♦ °' 2 (tt),*, < 7 > 

When is known at y = 0.2, tbe influence coefficients are 

determined again using this Mach number, the area change from 
y = 0.2 to y = 0.4 is determined, Aa at y = 0.2 is found, 
and T" a is calculated from the equation (equation (40), refer- 
ence 2) 
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fjlll 


a - Ke (K l 7) +K 2 y+E 3 +Tg >e 


K = e" Kl (T\ >h -T Bfe -K 2 -K z ) 

(0 2 bw a (1+X) 

2 “ ’ JgHol 0 

co2w a (l+^)(t»+rh) °p,a (1+X) 2 

JsHo 2 Z 0 2 


( 8 ) 

O) 

( 10 ) 

( 11 ) 


T 


M 

a,h 


total temperature of cooling air relative to blade at root 
(obtained from measurement s ) , °E 


If Cp,a is leased on the average static temperature of the 
cooling air obtained from the measurements at blade root and tip, 
K]_, Kg, and K 3 remain unchanged from tip to root. With T" a 
known, dT" a /dy is calculated from equation (5). With these 
values and the assumed value of friction factor, dM a 2 /dy can 
again be calculated for y = 0.2 from equation (1). The detailed 
procedure to follow until the conditions at the root are obtained 
is explained in reference 2. 


The values of cooling-air conditions obtained at the root by 
the procedure described using the assumed value of average friction 
factor are compared with the measured values. If these values 
disagree, a new average friction factor Is assumed until agreement 
occurs. This friction factor then applies to the test conditions. 
This method is the only way known for evaluating f q from the 
experiments. A. direct solution of fg from equation (1) as yet 
has not been obtained. The method given is less tedious than it 
appears because so many terms in the equations remain constant. 

It should be pointed out that changes in fg do not appreciably 
affect aMg 2 /dy. Small errors in data may consequently cause 
large variations in the value of fQ obtained from the experi- 
ments in the manner described. 

The rigorous method of solving equations (5), (6), and (8) to 
(11) is to use local values cf the factors involved instead of 
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average values at each point along the blade span considered. The 
rigorous treatment Is described in reference 2 and comparison of 
results of numerical examples using the rigorous a n d less-rigorous 
methods are described therein. Little error results by the use of 
average values. 

Friction factors can thus be determined from an investigation 
for -che ranges of conditions that are described. An equation must 
be determined that will represent these factors, or in other words, 
correlate the results. 


Friction-Factor Correlation 

Before proceeding to a discussion of methods of correlating 
the experimental friction factors for turbine-blade coolant passages, 
a brief disoussion of knowledge obtained on friction factors inside 
pipes and other configurations is given. Such background knowledge 
provides suggestions for possible methods of determining an empir- 
ical formula or data correlation from which the blade friction 
factors can be determined for conditions other than those investi- 
gated. 

When fluid enters a tube, 1 the flow pattern or velocity profile 
downstream of the tube inlet continues to change as the fluid pro- 
ceeds along the tube until, when the distance from the tube inlet 
has became sufficiently great, about 50 tube diameters, the flow 
pattern tends to stabilize. Downstream of this point the velocity 
profile remains unaltered. Upstream of the point where the veloc- 
ity profile becomes fixed, the friction factor varies appreciably; 
downstream of this point, the friction factor is independent of the 
distance from the tube inlet. There is evidence that the point at 
which the velocity profile becomes fixed depends on the Reynolds 
number of the flow, the initial turbulence in the air stream 
approaching the tube inlet, and the type of tube inlet. 

The values of friction factor in the region with fixed veloc- 
ity profile, for either laminar or turbulent flow in this region, 
have been established with great accuracy by many investigators. 

For the inlet region where the profile is varying, only scant data 
are available on the friction-factor variations along the pipe 
length. Reference 5 gives a historical background on the subject 
and reports further investigations. The results of reference 5 
indicate that a great deal of work remains to be done before ade- 
quate formulas for determining friction factors in the tube inlet 
are obtained. 
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For isothermal fully developed, incompressible turbulent flow 
in smooth pipes over a limited range of Eeynolds numbers from 
5000 to 200,000, the following equation well represents the great 
amount of data that has been accumulated (reference 6, p. 119): 


0.046 
0 ‘ (Be) 0,2 


( 12 ) 


With the use of the equations for velocity distribution with fully 
developed turbulent flow, von Karmen (reference 7) predicts the 
following relation between f Q and Ee for smooth pipes: 


(13) 


which fits the experimental data for friction in smooth pipes and 
is recommended for extrapolation to high values of Ee. 

For isothermal laminar or streamline flow in a straight cir- 
cular pipe for fully developed laminar velocity profile, the pres- 
sure drop due to friction is given by Poiseulle's law from which 
the friction factor becomes 


■ftr 0 


- 0.8 + 2 log 10 Ee V 4f 0 



In equations (12) to (14), the Eeynolds number is 


Ee 

h 

and the friction factor is defined as 

- _ Ap f JL 

1 0 " 4L 

2 H 


(14) 


(15) 


(16) 


which definition gives an "apparent” friction factor. (For details, 
see reference 5 . ) 

The foregoing discussion of correlation formulas for pipes 
has been for isothermal flow. In accordance with reference 6, for 
the case of heating or cooling inside pipes the viscosity term in 
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Re should he "based on a special temperature and then the same 
formulas for f Q in isothermal flow can be used for nonisothermal 
flow. For Re below 2100, this temperature is 

T = average static temperature of fluid + 


average surface temperature of pij 
4 


average static temi 

A 


jrature of fluid 


(17) 


Above a Re of 2100, the same formula is used except that the 
constant 4 is changed to 2. 

In an investigation on heat transfer and flow in pipes with 
very high surface temperatures (reference 8), there is evidence 
that both p and p should be based on the pipe surface tempera- 
ture for satisfactory correlation of the friction factor. This 
phenomenon Is similar to that occurring in the correlation of the 
heat-transfer coefficients discussed in reference 1. In addition, 
from reference 8 it is evident that p in the definition of f q 
( equation (16)) should be based on. the pipe-surface conditions. 
Some analysis of the data of reference 9 on flow in pipes with 
ratios of surface temperature to stream temperature ranging in 
some cases higher than 2 again showed evidence that for correla- 
tion purposes both p and in Reynolds number should be based 
on surface temperature. The analysis is quite incomplete and is 
only reported as a guide. 

As in the case of Reynolds number determination for heat- 
transfer coefficients (reference 1), if the passage is of non- 
circular cross section the hydraulic diameter of the passage 
is used as the dimension D in the Reynolds number for eval- 
uating fQ. The hydraulic diameter is equal to four times the 
cross-sectional area of the passage divided by the wetted per- 
imeter (fig. 1). 

For tubes of annular cross section, the hydraulic diameter 
is equal to the diameter of the outer pipe minus the diameter of 
the inner pipe. Over a wide range of Reynolds numbers with fully 
developed turbulent velocity profile with such cross sections, a 
formula similar to equation (12) is applicable, the exponent of 
the Reynolds number being 0.2 as in equation (12). For tubes of 
annular cross section, a wide dissimilarity of results exists, 
however, for the value of the constant in equation (12). In 
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reference 6 {p. 123) the circular-pipe value of 0.046 is used and 
in reference 10 a slightly lower value of 0.044 is suggested. In 
references ll and 12 a much higher value is advocated. In refer- 
ence 11, for instance, it was determined freon data that the value 
0.046 of circular pipes should he increased by multiplying by the 
factor 


V = 


-2 + 1 
Di 


(18) 


where £ equals a function of the pipe diameters that is given 
in reference 11 as 



(19) 


where 

D 0 diameter of outside pipe 

diameter of inside pipe 

Many of the methods of friction-factor correlation in the 
foregoing discussion can be applied to turbine-blade coolant 
passages. In practice it is expected, for instance, that the pas- 
sages will always be noncircular, varying frem approximately the 
blade shape for a hollow thin-walled blade to an annular section 
for the case of a hollow blade with an insert. The treatment of 
such shapes and status of correlating friction-factor data for 
them were consequently brought out in the foregoing discussion. 

The turbine-blade cooling-air passages can be expected to have 
inlet shapes at the blade root varying from turbine to turbine and 
different length-to-diameter ratios. The length- to-diameter ratios 
will probably in most cases be less than that required to set up 
a fixed velocity profile. It can therefore be expected that the 
friction factor will vary along the passage and that the average 
value for the blades of one turbine may be quite different from 
that of another turbine. The establishment of the laws or for- 
mulas for evaluating the friction factor spanwise and as a function 
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of Reynolds number for vide ranges of ratio of blade temperature 
to stream temperature, flow rate, and so forth would require a 
■vast amount of instrumentation in the passages. Such instrumenta- 
tion would not only be impractical to install but would clutter up 
the blade passages of commercial turbines in such a manner as to 
possibly make the measurements inaccurate. Such laws must conse- 
quently be established on large turbine rigs with large blades. 

Such a rig for air-cooled turbine-blade research is new being fab- 
ricated at the Lewis laboratory. 

The average friction factors for a given blade configuration 
determined by methods given in the previous section from measured 
data at the blade root and tip reflect the effects of the inlet 
shape, conditions upstream of the blade root, and the changing 
velocity profile as the air proceeds through the blade. For the 
purpose of a turbine experiment , it is recommended that, for cor- 
relating purposes, these friction faotors be plotted against the 
values of a Reynolds number of the cooling-air flow. Whether the 
data for all the experiments will correlate on one curve depends 
in great measure on the method for calculating the Reynolds number 
of the cooling-air flow. It is recommended as a first trial that 
the Reynolds number be calculated in the same manner as given in 
reference 1 for evaluating the convection heat-transfer coefficient 
from blade to cooling air. In reference 1, It is recommended that 
the density and the viscosity in the Reynolds number be based on 
conditions at the blade surface. 

In calculating the velocity to use- in the Reynolds number, 
which is the average relative stream velocity W a as brought out 
in reference 1, the average density of the fluid stream in the 
cooling passages of the blades Is required. This density in turn 
requires knowledge of the average static pressure and temperature 
in the cooling passages. The methods of determining this pressure 
and temperature are given in the following section. 

Friction-factor data established and correlated as described 
serve two purposes: First, the data make possible the evaluation 

of performance of the turbine on which they were established; and 
second, the data provide a means of checking general laws or for- 
mulas established on large rigs. From these general formulas. It 
should be possible to calculate the variation of friction factor 
of the cooling passage, spanwise along the blade for specific con- 
ditions and blade geometry of a given turbine, to integrate these 
local friction factors to obtain the average friction factor, and 
then to compare them with the data obtained on the turbine as 
described herein. 
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The basic equation (equation (1)) is based on one-dimensional 
flow, as pointed out, and as a consequence has limitations. Some 
effects, such as Coriolis effects, may invalidate the analysis to 
some extent but at present the equation is the best that is avail- 
able. This equation is better than most equations that are 
obtained for similar flow problems ■where important assumptions are 
made that would cause great error in the results for conditions as 
they exist in a turbine. 

Solutions for Flow Characteristics 

From measurements at the blade root and tip in the cooling- 
air passage and the cooling-air flow, all characteristics, static 
and total pressures, static and total temperatures, velocity, and 
Mach number at each of these two positions, can be obtained. It 
was assumed that such measurements would be made. 

In the integration of equation (1) stepwise for the case 
where with a certain assumed friction factor the calculated Mach 
number at the root equaled the measured Mach number, both total 
temperature and Mach number of the cooling air at various sta- 
tions, y = 1, 0.8, 0.6, 0.4, 0.2, and 0, become available. 

Because of the verification of experimental root Mach number with 
the assumed fQ, these total temperatures and Mach numbers are 
true values and can be used to calculate the other flow character- 
istics at these stations. 

When ^ and T" a are Known at each station, the static 
temperature can be calculated from 

T a (20) 

7 -1 

1 , a 2 
1 + g “a 

The ratio of specific heats y & should be based on T a . At low 
Mach numbers, T" a can be used. At high Mach numbers, T" a can 
be used first; then when T a is calculated, a correction can be 
made to y_ and T„ can be recalculated. 

9, Q 

The velooity at each station can be obtained from 
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The static pressure at each station can "be calculated from a 
combination of the perfect gas and continuity equations, or 


v a^a^a 
= W a Aa 


( 22 ) 


Finally, the total pressure at each station is obtained from 


P 


tr 

a 



(23) 


When average pressures, temperatures, or velocities are 
required, it is best to plot the values at each station against 
the distance from the root to the station involved, to integrate 
the curve with a planimeter, and then to divide by the distance 
from root to tip. If the curves are practically straight lines, 
such detail is not required, but cases may occur where the var- 
iation of a characteristic may be far from linear and errors 
result by arithmetically averaging either the root and tip meas- 
ured values or the calculated station values. 


SUMMARY CEP METHOD 

The formulas for determining the cooling-air-flow character- 
istics of an air-cooled turbine are summarized as follows. 

The variation of the cooling-air Mach number in the passage 
is determined from equation (1) and the influence coefficients 
therein are determined using equations (2) to (4). 

The last term of equation (1) is eliminated when a cooling 
passage of oonstant cross section is considered. Inasmuch as 
measurements are made at the root and the tip of the blade cooling- 
air passage, the actual Mach number at these points can be cal- 
culated. Various average friction factors are assumed for equa- 
tion (1) and the Mach number at the root is determined and oompared 
with the value calculated from the pressure and temperature meas- 
urements. The value of assumed friction factor that causes agree- 
ment is the experimental value to use. 
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In the integration of equation (1), about five steps are used, 
at y = 0, 0.2, 0.4, 0.6, 0.8, and 1.0. The change in area from- 

step to step is determined from the geometry of the blade and 

dT" a /dy can be found from equation (5) . At the tip, the T" a 

value to use in equation (1) is the measured value and y = 0. 

For y = 0.2 and so forth, equation (8) Is used to determine T" . 
The procedure for determining dM a ^/dy for the various y posi- 
tions is given in reference 2. 

For isothermal turbulent flow in smooth pipes, the correlation 
equation for the friction factor is given by equation (12) and for 
laminar flow, by equation (14). The Reynolds number is defined by 
equation (15), density and viscosity being based on free- stream 
temperature. The friction factor based on free- stream conditions 
is defined by equation (16) and, as before, the density Is based 
on free-stream conditions. In the case of pipes where either 
heating or cooling is encountered, the viscosity tezra in the 
Reynolds number of the equation of laminar flow (equation (14)) Is 
based on a temperature defined by equation (17). For a Reynolds 
number greater than 2100, the constant 4 in equation (17) is 
changed to. 2. 

Some references indicate that for annular passages the constant 
In equation (12) is much higher than 0.046 and should be increased 
by multiplying by the factor £' defined by equation (18). The 
factor £ appearing in equation (18) is defined by equation (19). 

As discussed in the analysis, there Is evidence that the 
friction-factor data can only be correlated by basing the viscosity 
and the density on blade-surface temperatures rather than the free- 
stream static conditions when the ratio of surface temperature to 
stream temperature is much different from 1. 

When the Mach number -at the root has been calculated through 
use of equation (l) and equals the measured Mach number, the total 
temperatures and Mach numbers at the various y positions chosen 
are known. With these known factors and by means of equations (20) 
to (23), the other flow conditions at these positions can be 
calculated. 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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°P 

D 

% 

f 0 
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*a 


J 

K = 

% = 


APEEHDIX - SIMBOIS 


The following symbols are used in this report: 
cross-sectional area, sq. ft 
blade height or span, ft 

specific heat at constant pressure, Btu/(lb)(°F) 
diameter, ft 

hydraulic diameter 4A/Z, ft 

apparent friction factor based on stream conditions outside 
boundary layer (See equation (16).) 

ratio of gravitational force to absolute unit of mass, 
lb /slug, or acceleration due to gravity, ft/sec^ 

average convection heat-transfer coefficient, 

Btu/(sq. ft)(°P)(sec) 


influence coefficient. 


influence coefficient, 


influence coefficient. 


- ^(l + ^~ik 2 ) 

1-Ma 2 

y a Ma 4 (l 

1-Ma 2 

Ma 2 (^aMa 2 )^ + HT «a 2 ) 
1-Ma 2 


mechanical equivalent of heat, 778.3 ft-lb/Btu 
e ‘ El ( T "a,ll- T 8;e-E2-%) 
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co^Va (1 + X) 

JgH 0 Z o 

ca^a (l+X)(l?4-i^) gp.a^a 2 ( 1 + ^) 2 
JgH °*° JgH 0 2 l 0 2 

pipe length, ft 
perimeter, ft 
Mach number 

static pressure, lb/sq. ft absolute 

total pressure relative to moving blade, lb/sq. ft absolute 
friction pressure drop, lb (force) /sq ft 
gas constant, ft- lb /(lb) (9F) 

Eeynolds number (See equation (15).) 
radius, ft 

static temperature, °E 

total temperature relative to moving blade, °E 
absolute velocity, ft /sec . 
velocity relative to moving blade, ft /sec 
weight flow, Ib/sec 

r T~ r x 

b 

ratio of specific heats 


J-Lq «Tq 

_ , (H-l becomes % if fins are used In blade passage. 
■“1 1 See reference 1 for relation between and E^.) 
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|j. absolute -viscosity, slugs/(sec) (ft) 

p density, slugs/cu ft 

t function of pipe diameter (See equation (19).) 



co angular velocity, radians /sec 
Subscripts: 

0 stream conditions outside of boundary layer 

a cooling air 

e effective, used with, symbol for temperature and denotes tem- 
perature effecting heat transfer 

f finned blades, or friction 

g combustion gas 

h blade root 

1 inside 

o outside 

T blade tip 

x point along blade span 

Figure 1 shows the dimensions of a hollow blade as -used in this 
analysis. 
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